The treatment of several aspects of quantum well laser simulation are discussed in terms of the Minilase-II simulator. The discussion involves the optical problem and several components of the electronic problem, including bulk transport, carrier scattering into and within the quantum well, and the nonequilibrium LO phonon temperature within the well. Descriptions of these problems are followed by simulation results which show the ways in which they each affect the laser characteristics.
INTRODUCTION
The quantum well laser is a highly complex device containing many interacting physical processes. For example, because a laser requires optical feedback, the output signal depends a great deal on the waveguiding properties of the laser cavity. Also, since the laser is driven by an injected current, classical bulk cartier transport is important to its performance. The optical output is generated when carriers recombine in the quantum well (QW), emitting a photon in the process. As a result, the capture of injected carriers into quantum bound states is critical to laser dynamics. Once captured into a bound state, a carrier can interact with a photon, phonon, or other carriers, and all these interactions are also reflected in the output signal.
Each of the afore mentioned processes has been the focus of much research. However, no single one of them dominates all laser characteristics. Instead, it is important to consider all of these processes, and it is just as important to consider how they couple to and affect one another. Therefore our laser simulator, Minilase-II, has been developed to address all of the physical problems posed by a quantum well laser in such a way that they can be solved self-consistently. This paper will present the simulation methods employed by Minilase-II, including a brief description of the treatment of the electromagnetic and bulk transport problems as well as a more detailed description of carrier dynamics in and around the QW. The paper will also present some simulation results that highlight different aspects of the laser problem.
THE MINILASE-II SIMULATOR The Optical Waveguide
To determine the optical properties of a laser diode, a laser simulator must solve Maxwell's equations for the optical electromagnetic fields in the cavity [1] .
Minilase-II does this by treating the optical problem in two parts. First the spatial distribution of the optical field is determined by solving the scalar Helmholtz equation [2] The gain and spontaneous emission rate of each cavity mode depend on the quantum well band structure, the optical matrix elements, and the occupation probabilities of the lasing states. Minilase-II can treat the band structure and matrix elements as input determined by a separate k. p calculation [3] , or, if these are not available, it will use the parabolic band approximation and the Kane model to determine these quantities [4] . The occupation probabilities of the lasing states are functions of the carrier injection into the quantum well, which is determined by the electronic transport models in Minilase-II.
Classical Electronic Transport
Carrier transport in a QW laser is a multiscale problem that must couple carrier dynamics in the very small quantum regions with the carrier flux in the much larger bulk regions. The carrier fluxes in the bulk regions are treated with classical drift-diffusion theory [5] Jn -DnVn lunnVEc (3) where n is the local electron density, D n is the electron diffusion constant, gn is the electron mobility, and E c is the conduction band edge. A similar expression is used for holes.
Coupling Classical Figure 2 ) and then solving the following equations self-consistently at each energy point. (11) . This assumption is, of course, not true except in the limits of extremely low or high modulation frequencies. However, at this time the entire five-temperature model is not complete, and therefore we present our current results as an upper limit on LO phonon temperature.
RESULTS
To illustrate the different coupled problems associated with quantum well lasers, this section will present simulation results that highlight some of the problems discussed in the previous section. Many aspects of optical confinement and bulk carrier transport have been presented and discussed previously (see reference [2] ) and will not be repeated here. Instead, let us proceed directly to the explicit treatment of carrier capture into the quantum well active region, the importance of which is demonstrated in Figure 3 . This figure compares three experimental modulation responses (discrete points) [13] Figure 4 shows a set of modulation responses for lasers with different numbers of QW's. As expected, the rate of rolloff in the low frequency range decreases with each additional well because the probability of carrier capture increases. However, note that the frequency of the resonance peak first increases as the number of wells increases to three but then decreases with the further addition of wells. As Figure 5 shows, Minilase-II explains that this behavior is due to a highly nonuniform distribution of electrons and holes in the QW's,
i.e. the densities in the wells are not modulated in phase. Consequently, if the number of wells is too large, the less populated wells actually rob from the total differential gain, causing the resonance frequency to decrease. Like the experiment in Figure 3 , the result shown in Figure 4 can not be simulated without the explicit treatment of carrier capture.
To illustrate the importance of carrier dynamics in the bound states of the QW, Figure 6 shows a set of modulation responses resulting from different physical assumptions. Each response was calculated for the same bias current of 20 mA, which corresponds to a single facet output power of about 10.35 .roW in each case. However, the response labeled "Fermi" assumes an LO phonon temperature of 300 K and a quasiFermi distribution for the bound carriers in the quantum well. The response labeled "spectral" also assumes TLO 300 K, but a Fermi distribution for bound carriers is not assumed. Instead, this simulation solves (4) self-consistently with the real space transport equations to obtain the bound carrier distribution functions and to account for spectral hole burning. Finally, the response labeled "hot phonon" solves both (4) and (11) self-consistently with the real space transport equations to account for the effects of spectral hole burning and nonequilibrium LO phonon temperature.
The gain saturation demonstrated by the "spectral" curve in Figure 6 can be easily understood by referring to Figure 7 . This figure shows the difference between the bound electron distribution function calculated by Minilase-II and a Fermi distribution corresponding to the same electron density. It is clear from the figure that the rapid recombination of lower energy electrons by stimulated emission and the capture of high energy electrons from the continuum states results in a heating of the bound electrons. The decrease in the distribution function near the lasing energy is the reason for the observed gain suppression. Note also from the scale of the figure that the distribution function is nearly Fermi-like. Perturbations of this small magnitude were calculated independently by other groups using sophisticated Monte Carlo calculations [9] . However, the Monte Carlo Figure 6 , the modulation response labeled "hot phonon" shows even more gain suppression than the "spectral" response. In addition to the non-Fermi carrier distributions, the "hot phonon" response accounts for the nonequilibrium LO phonon temperature, which was calculated to be TLO 304 K during cw operation at a bias of I 101th. The elevated phonon temperature causes the bound carrier distributions to spread out to higher energies, causing the differential gain to decrease.
CONCLUSION
The quantum well laser diode poses several different physical problems, each of which is important in determining the output characteristics. The waveguiding properties of the laser cavity determine the near and far field patterns as well as the coupling between the optical field and free carriers in the active region. Classical bulk carrier transport determines current confinement and diffusion capacitance. Also, the behavior of quantum well lasers depends critically on the nonclassical carrier dynamics in and around the well.
While all of these physical processes are critical in determining the output characteristics of the laser, just as critical are the ways in which these different processes couple to one another. With this in mind, the self-consistent laser simulator Minilase-II was developed to address each of these problems in such a way that they could be solved simultaneously, revealing the ways in which each process affects the others and the ways their coupling affects the macroscopic output of the laser. To our knowledge, Minilase-II is the first attempt at fully 2-D self-consistent laser simulation that treats all of the primary carrier transport mechanisms including quantum carrier capture, spectral hole burning, and LO phonon heating. 
